ABSTRACT In this paper, it has been shown that the data-driven reallocation of workers in a turbine valve assembly island is necessary because the occurrence of unexpected events delays the desired completion time defined in the schedule. The main characteristics of the problem are as follows: 1) the turbine valve is placed on a fixed site, and the workers and the required equipment are moved to the assembly site; 2) the sequence of assembly tasks is fixed, which reduces the number of significant disruptions to the upstream operations; and 3) the processing time of each task is dependent of the skill level and the number of the assigned workers. This paper proposes data-driven reallocation of workers in engineering-to-order assembly islands to meet the specified due dates and use human resources efficiently. The goal is to minimize the labor cost by reallocating the workers in order to meet the due dates when an unexpected event occurs. The problem was modeled as an integer program and optimally solved by means of the LINGO (Linear Interactive and General Optimizer) 11.0 optimizer. The experimental results showed that the solutions obtained were improvements to the solutions implemented by the foreman.
I. INTRODUCTION
Assembly islands with fixed-position layouts are typically found in factories assembling large, bulky or heavy products, such as ships and planes, because they can provide the following advantages: reduced movement of work items, minimized damage or cost of movement, and more continuity of the assigned work force since the item does not go from one workstation to another [1] . A turbine valve is too large, bulky, and heavy to move. The total weight of a valve is close to 40 tons, the structure is very complex and irregular. In order to move and assemble the different components a bridge crane and an auxiliary scaffold are both necessary. Considering safety, cost and lead-time, the manager will decide that the valve is to be placed on a fixed site, and the workers and the required equipment will be moved to the assembly site, which
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With the development of industry 4.0, turbine valves for the power generation industry are typical engineer-to-order (ETO) products, which are manufactured and assembled in low volumes to satisfy the individual customer's specifications [2] , [3] . A turbine valve costing several million RMBs is a necessary component of a steam turbine, which is independently assembled and directly delivered to the customer's sites. Due to the large financial penalties for lateness, it is necessary to ensure that the assembly tasks of the valves are completed before the due dates, which are determined by higher level production plans, and are central to the contractual project agreement between companies and their customers [4] , [5] . However, the flow time of a valve assembly is long; more than 20 working days. During this time, there is an amount of uncertainty in executing the assembly schedule for valves, for example the modification of the assembly process, equipment failure, quality problems, and delayed delivery of parts and sub-assemblies which prevent the execution of the existing schedule exactly as it was laid out. In order to meet the specified due dates and use human resources efficiently, a rescheduling procedure for the complex turbine valve assembly should be performed when unexpected events occur. The contributions of this paper can be summarized as follows:
1) We find the main characteristics of the schedule problems which delay the desired completion time, namely, the contradiction between worker movement and the fixed site, the number of significant disruptions to the upstream operations, and the skill level and the number of the assigned workers.
2) The proposed optimization objective is to minimize the labor cost and the sum of the absolute differences between the start times of the remaining tasks in the modified schedule and the original start times of those task, which reduce the disruptions of the heavy components and equipment supply plans. 3) We have modeled the optimization problem as an integer program and solved by means of the LINGO 11.0 optimiser. We have conducted the experiment and the results showed that the solutions obtained were improvements on the solutions implemented by the foreman.
II. LITERATURE REVIEW
A schedule specifies a sequence and timings, normally expressed in terms of a set start time and completion time, which serves as instructions to the shop floor, causing the shop to execute tasks. Rescheduling aims to update an existing schedule by reacting to unforeseen disruptions: such as quality problems, machine failure and a myriad of other possibilities [6] . In assembly lines for the mass production, he existing schedules can be revised by modifying the sequence of the tasks and reconfiguring the manufacturing resources. Zhang et al. [7] changed the order of tasks list at each assembly station according to the shared real-time collaborative information among the relative stations. Gyulai et al. [8] proposed a hierarchical planning decision workflow to assign the products to dedicated and reconfigurable lines, and to optimize the system configuration and the production plan of the reconfigurable system in an integrated way. Wan et al. [9] an energy-aware load balancing and scheduling (ELBS) method based on fog computing for the distributed scheduling of manufacturing cluster. Some studies in the literature have presented effective methods to deal with ETO production planning and scheduling problems [10] - [14] . However, studies in solving rescheduling problems in ETO environments are scarce in the literature. Hicks et al. [15] considered the arrival of new orders in ETO manufacturing, and developed heuristic and evolution-strategy-based methods to solve the rescheduling problems, which achieved an appropriate compromise between quoting realistic due dates for new orders, whilst ensuring the satisfactory fulfilment of existing orders. Their objective was to minimize the sum of the work-in-progress holding costs, as well as product earliness and tardiness costs. Chen et al. [16] introduced edge computing in IoT-based manufacturing, which includes the manufacturing resources scheduling in manufacturing environment. Alfieri et al. [17] proposed a two-stage stochastic programming project scheduling approach to support production planning and rescheduling in ETO systems, which provided a baseline production plan together with a set of revisions to the plan to react to the occurrence of uncertain events with the objective of minimizing the manufacturing time. As indicated, none of the work in the literature addressed the worker reallocation problem in ETO assembly systems.
The flexibility of the workforce is particularly important in already built assembly lines (re-balancing context), which does not present many possibilities to reallocate tasks due to costly changes during the production phase. In the literature, a lot of studies address the worker assignment problem in the assembly line [18] . Hopp et al. [19] proposed heuristics to deal with the worker assignment problem in a predesigned assembly line with the objective of minimizing the cycle time, and presented a case study from industrial lighting equipment production. Miralles et al. [20] defined an assembly line worker assignment and balancing problem (ALWABP) which is concerned with simultaneously assigning tasks and workers to workstations in order to improve the performance of assembly lines. Hamta et al. [21] , [22] addressed the assembly line balancing problem where the task times are unknown variables and depend on workers. They proposed a particle swarm optimization (PSO)-based solution approach integrated with variable neighbourhood search (VNS) for specific case studies. A mixed integer linear programming model was developed for the balancing assembly lines with skilled and unskilled workers at small-engine motorcycles plant, and the goal was to minimize the unskilled workers required, given the cycle time [23] . A line balancing problem was modeled in terms of task assignment to workers and stations, with a built-in Traveling Worker Assembly Line Balancing Problem (TWALBP) formulation to take worker movements between stations in ac-count, and the real cases were used to show the model potential and flexibility to treat real-world instances [22] . However, few researchers have addressed worker reallocaton in ETO assembly islands. The reassignment of workers involves start-up costs, because workers have to familiarize themselves with their new tasks. Niemi [24] presented a mixed integer linear program for solving the worker reallocation problem in assembly cells for large products to minimize the total tardiness or the maximum tardiness, but the deviation from the original schedule over the course of its execution was neglected, which can be amplified in the upstream stages. In this paper, we proposed the optimization model for the scheduling problem as shown in Fig.1 , which aims to minimize the labor cost and reduce the disruptions of the heavy components and equipment supply plans. The industrial data and optimization objection are the VOLUME 7, 2019 FIGURE 1. System architecture of the assembly tasks for turbine valve.
preconditions which influence the model building. Turbine valve data is the input for the scheduling model.
The paper has focused on worker reallocation for the valve's assembly tasks to meet the specified due date, which determines the completion time of the valves for delivery. The objective was to optimize the reallocation of workers to tasks when an unexpected event occurs, to minimize the labor cost and the sum of the absolute differences between the start times of the remaining tasks in the modified schedule and the original start times of those tasks, which reduce the significant disruptions of upstream operations. The remainder of the paper has been organized as follows: in Section 2, the worker reallocation problem in a turbine valve assembly island has been described. Section 3 has presented the hybrid imperialist competitive algorithm used to solve the worker reallocation problem. In Section 4, the proposed algorithm has been tested on real data collected from the company supplying the turbine valves for power generation, and the results have been presented. Finally, Section 5 has concluded with a short summary and directions for further research.
III. SOVING THE PROBLEM
To solve the industrial problem described above, the data were collected and processed in Section 3.1; then, the problem was modelled as an integer program to attain the optimal solution in Section 3.2. In Section 3.3, the obtained results were presented.
A. PROBLEM FORMULATION
The turbine valve is typically capital goods, and is highly customized to meet individual customer requirements. In order to reduce the throughput time, the early production planning is required to be defined before information on product customizations, and detailed production activities are completely disclosed. The influence of uncertainty or incomplete data on production systems performance can be severe, and the flexible scheduling is necessary to achieve the high agility [17] . In a turbine valve assembly plant, the sole bridge crane is definitely the bottleneck resource, which is required to move all kinds of heavy components and equipment. Because of the limited space of the turbine valve assembly island and the required short throughput time, the buffer is unavailable.In this enviroment, changes to the sequence of the assembly tasks can disrupt the materials and equipment logisitic plan of the bridge crane, which can cause siginificant and frequent variation at other workstations. For a short time span, the foreman cannot modify the sequence of assembly tasks and instead focuses on shortening the processing times of tasks by reallocating workers in the turbine valve assembly island. Consequently, the focus is on flexible workforce, which can be more easily adjusted than the heavy components and equipment [25] .
The complicated tasks of the turbine valve assembly need the specific knowledge and the accumulated experience. Data mining is crucial to discovered knowledge [26] . Because of the high variation of the work content, the learning rate is very low. That is to say, training a new worker is difficult. In the turbine valve assembly island, there are two types of workers, unskilled and skilled workers.
In this work, we consider the case in which an original schedule has been generated for a given set of assembly tasks of the turbine valve. The schedule has been partially executed, when an unexpected event occurs and delays the completion time of the turbine valve assembly, under the tight constraint that tardiness is unacceptable. Then, the workers assigned to the succeeding tasks are reallocated to reduce the processing time of the tasks, and ensure that the turbine valve can be assembled before the given due date. The objective is to minimize the labor cost and the sum of the absolute differences between the start times of the remaining tasks in the modified schedule and the original start times of those task, which reduce the disruptions of the heavy components and equipment supply plans.
B. INDUSTRIAL DATA
A turbine valve is composed of a main valve and a governing valve as shown in Fig.2, 24 indivisible tasks are involved in the assembly island of the turbine valve. Fig.3 is a real turbine valve. Table 1 has presented the assembly tasks, the initial processing times with the initial worker allocation, and the initial schedule. Since the sequence is unchangeable, for simplification, the task index has been used to describe the sequence of the assembly tasks, which means that the tasks are performed in order of the task index, from task 1 to task 24. Some large and heavy valve parts can be usually assembled by more than one worker, which determined the lower bound on the number of assigned workers, because it is difficult for one person alone to lift and orient components. On the other hand, considering safety, an auxiliary scaffold is necessary to perform some assembly tasks on the turbine valve due to its large size and complex structure. The limited available space for the corresponding tasks determines the upper bound of the number of the assigned workers. After an unexpected event occurs, the workers assigned to each task can be adjusted in the interval determined by the lower bound and upper bound mentioned above. When changing over to a new job, a worker has to put away any previous tooling, clean up the workplace, study the drawings and other documentation for the new job, fetch tools, and so on, all of which takes time. A tangible variable cost is caused by the workers' reluctance to move between jobs, especially for just a short time [24] .
In the turbine valve assembly island, there are two types of workers, type A (unskilled) and type B (skilled). The processing time of the assembly task is dependent on the skill level and the number of the assigned workers. Of course, some tasks are mainly carried out using mechanical equipment, and their processing times are independent of the skill and the number of workers. Table 2 has presented the processing time of each task with the different worker assignments. It's obvious that the skilled workers take less work time to complete work. Thereby, the skill level is an important factor influenceing the processing time of the assembly task. The optimized scheme for assembly tasks means to minimize the labor cost, reduce the disruptions of the heavy components and equipment supply plans.
C. INTEGER PROGRAMMING MODEL
The integer programming formulation has been proposed for the worker reallocation problem in the assembly island of a turbine valve, when unforeseen disruptions occur. The proposed model has been developed under the following assumptions:
• The workers allocated to the task cannot be changed before the completion of the task.
• Parallel working is not allowed because of the limited space around the valve.
• The sequence of tasks is unchangeable.
• The running task is executed until completion except for unforeseen interruption. In the case of an unexpected interruption, the part is assumed to be reassembled, and the new task processing time is redefined according to the modified work content and worker reallocation. After defining the major symbols presented in Table 3 , the objective function for the worker reallocation problem has been presented, followed by the corresponding problem constraints:
(1)
The objective function (1) serves to minimize the worker cost. In equation (1), the first term is the total labor cost, and the second is the variable worker cost for the assembly tasks. Equation (2) serves to minimize the deviation between the start times of the remaining tasks in the modified schedule and the original start times of those tasks, which avoids any disruptions being amplified in the upstream operations. The constraints (3) ensure that the due date of the valve assembly can be respected. The constraints (4) ensure that only one task can be implemented at the same time, because the available space around the valve is limited. The constraints (5) mean that the sequence of assembly tasks cannot be changed during reallocation of the workers. The constraints (6) ensure that the number of the assigned workers for the assembly task cannot exceed the upper bound of the number of workers. Equation (7) indicates that the processing time of the assembly task is dependent on the worker allocation described in Table 2 .
D. EXPERIMENT RESULTS
The BP formulated was solved using LINGO 11.0 on a PC with a 3.6 GHz Core i7 CPU with 16GB RAM. The initial task schedule and the worker allocation, after pre-processing of the data, have been presented in Table 1 , and the processing times of each task with the different worker allocations have been presented in Table 2 . There are a total of four type A workers and two type B workers in the turbine valve's assembly island. Assuming that every worker is always available during the schedule execution, the labor cost per unit time of workers A and B is 1 and 1.3, respectively. In the real scenario, the valve assembly process is organized and controlled by a foreman that schedules the assembly tasks and allocates workers to tasks. Furthermore, the foreman is responsible for problem solving when unexpected events occur. Given the due date 674, and the fixed sequence of the valve's assembly tasks listed in Table 1 , four real scenarios involving unexpected events have been tested to demonstrate the proposed approach.
In the first real scenario, it took more than 20 units of time to perform task 4, because a quality problem occurred. Since the due date was very tight and rigorous, the foreman immediately decided to reallocate the workers of tasks 7, 8 and 10, which ensured that the valve assembly could be completed before the given due date. The goal was to minimize the worker cost described in equation (1) . The cost that needs to be addressed is exclusively the cost of the increased number of workers, since the cost of the assigned workers is fixed. Table 4 has presented the worker reassignments and the cost of the increased workers, including the increased labor cost and the variable worker cost. Only the tasks involving worker reassignment have been presented in Table 4 . The total reduction in the processing time of tasks 7, 8 and 10 is 21 units, which successfully compensated for the extra 20 units of processing time of task 4. The increased worker cost was a total of 102.7. VOLUME 7, 2019 computed by the proposed algorithm. The processing time of tasks 20 and 24 was reduced by 22 units, which ensured that the valve assembly could be completed before the fixed due date. The corresponding increased worker cost was 59.1. The optimal solution obtained by the proposed algorithm was a clear improvement on the solution implemented by the foreman: the worker cost was reduced by 43.6.
The comparison of the cost of the worker reallocation in the other real scenarios, including the assembly process modification, the logistical problem and equipment failure, have been shown in Table 6 . On average, there was a 36.8 % reduction in the worker reallocation cost for the real valve assembly. The main reason for this was that the proposed algorithm could investigate a larger solution space than the foreman, who focused on the immediate following tasks in the fixed sequence, when some unexpected events occurred.
IV. CONCLUSION
In this paper, the problem of a turbine valve assembly island that must reallocate its workers due to unexpected events, such as a quality problem, the modification of the assembly process, delayed material or equipment failure has been presented. Such events can disturb the execution of an existing schedule and delay the completion time of the valve assembly. Because the valve is too large, bulky, and heavy to move, the turbine valve is always placed on a fixed site. We studied the valve assembly considering the main characteristic of the fixity. Another characteristic is the fixed sequence of assembly tasks, which reduces any significant disruptions of upstream operations; furthermore, the completion date is fixed and rigorous. The goal was to minimize the labor cost by reallocating the workers to meet the completion date when the unexpected occurs. The problem has been modelled and optimally solved by integer programming, and the solution provided by the proposed algorithm has been shown a clear improvement in the industrial practice than the foreman did. The results of four real scenarios showed that the worker reallocation cost could be reduced by 36.8% on average. There are only 24 indivisible tasks that must be carried out in the assembly island of a turbine valve. Integer programming was able to effectively deal with this small-size problem. For a large-scale problem, the computational time could be long. Considering the usual updating frequency for worker reallocation, data-driven reallocation of workers is of great significance in both academic and engineering practice. In the future, we plan to use heuristic methods to reduce the computational times. VOLUME 7, 2019 
